The temporal resolution of a two-photon excitation laser scanning microscopy (TPLSM) system is limited by the excitation laser beam's scanning speed. To improve the temporal resolution, the TPLSM system is equipped with a spinning-disk confocal scanning unit. However, the insufficient energy of a conventional Ti:sapphire laser source restricts the field of view (FOV) for TPLSM images to a narrow region. Therefore, we introduced a high-peak-power Yb-based laser in order to enlarge the FOV. This system provided three-dimensional imaging of a sufficiently deep and wide region of fixed mouse brain slices, clear four-dimensional imaging of actin dynamics in live mammalian cells and microtubule dynamics during mitosis and cytokinesis in live plant cells.
Introduction
Laser scanning microscopy utilizing two-photon excitation offers several advantages for biological imaging. 1 First, optically sectioned fluorescence images can be acquired because the excitation is spatially localized at the focus of the excitation laser light due to its non-linear dependence on the photon density. Second, the excitation laser light in the near-infrared (NIR) range enables a deeper penetration depth owing to a lower degree of absorption by living tissues. Thus, two-photon excitation laser scanning microscopy (TPLSM) has become an essential analytical method in life science and medical research. [2] [3] [4] [5] [6] [7] [8] Since most TPLSM systems employ a single-point laser scanning method using moving mirrors, their temporal resolution primarily depends on the speed of the physical movement of these mirrors. By utilizing resonant mirrors, video-rate scanning TPLSM has been achieved, 9 though the image quality was compromised for greater temporal resolution.
In contrast, multi-point laser scanning methods have attempted to improve the temporal resolution of a TPLSM system near the beginning of the 21st century. 10 As one of these methods, TPLSM that utilizes a spinning-disk scanner (TPLSM-SD) has been developed. At first, Bewersdorf et al. (1998) used a spinning micro-lens array disk to split the excitation light of a mode-locked Ti:sapphire (Ti:Sa) laser into an array of beams, and achieved video-rate TPLSM imaging. 11 Fujita et al. introduced a regenerative amplifier to increase the laser peak power, and achieved video-rate imaging over a wide field of view (FOV) using a 40× objective lens (NA 0.5). 12 The authors further combined a Nikpow disk that contained a set of confocal pinholes with a micro-lens array disk to capture confocal TPLSM images with improved spatial resolution. 13 Although those authors did not install an amplifier in this case, confocal pinholes improved the image spatial resolution and contrast by eliminating any undesirable fluorescence that is scattered or emitted by reabsorption in the specimen. 10, 13 However, they found that the penetration depth and the FOV were limited due to a pair of spinning-disks, which reduced the Ti:Sa laser power.
The Confocal Scanning Unit (CSU) developed by Yokogawa Electric is a scanner that incorporates a micro-lens array disk and a Nipkow disk. The CSU enables the acquisition of confocal single-photon excitation fluorescent images; it is thus a popular tool for biological researchers to visualize any rapid movement of cellular structures. [14] [15] [16] In 2013, Shimozawa et al. reported that modifying the CSU's spinning-disk to increase the conventional Ti:Sa laser power throughput dramatically improved the TPLSM image quality.
corresponding micro-lenses aligned on the spinning-disk. They acquired optically sectioned TPLSM images of various biological specimens that were clearer than those acquired from one-photon excitation with the same fluorescence microscopy system. Clearer images resulted due to resolving the 'pinhole cross-talk' problem, wherein fluorescent signals from neighboring excitation points or out-of-focus planes enter a pinhole, and increase the background intensity. 17 However, since the power of a Ti:Sa laser was still insufficient, this TPLSM-SD system only used a 10% region of the effective area of the detector. 17 In the present work, we installed a commercially available Ytterbium (Yb)-based laser with peak power 10-times greater than that of a Ti:Sa laser so as to enlarge the FOV for TPLSM-SD. This system provided three-dimensional (xyz) images of sufficiently wide, deep regions of fixed tissues, and clear fourdimensional (xyz-t) images of the living cell organelle microstructure.
Experimental

Optical set-up
A schematic of our optical set-up is shown in Fig. 1 . Our TPLSM-SD system used a Yb-based laser (femtoTrain: 1042 nm, 10 MHz, 300 fs, 4.0 W; Spectra Physics, Santa Clara, CA) for two-photon excitation. The laser power was adjusted using a half wave-plate and a Glan-laser polariser. The beam width was enlarged by applying a beam expander comprising a pair of plano-convex lenses, resulting in more than a three-times larger width than that previously reported with a Ti:Sa laser beam. 17 This enlarged beam was introduced into a spinningdisk scanner with 100-μm-wide pinholes aligned on a Nipkow disk 17 (CSU-MPφ100; Yokogawa Electric, Kanazawa, Japan) installed on an inverted microscope (IX-71; Olympus, Tokyo, Japan). The incident excitation light was introduced at the pupil of the objective lens and focused on multiple points of a specimen. A water immersion lens (UPLSAPO60XW: NA = A second dichroic mirror (600-nm long pass; Nikon, Tokyo, Japan) was placed in the optical path after the first dichroic mirror for two-color imaging. The transmitted fluorescent signals were passed through an infrared ray cut filter (SP880; Asahi Spectra, Tokyo, Japan) and a band-pass filter (590 -644-nm band-pass; Yokogawa Electric), and then detected with one camera. Reflected fluorescent signals were passed through infrared ray cut filters (FF01-770/SP-25 × 2), and were detected with the other camera. The relay lenses were exchangeable, and magnification at ×1.2 or ×2 was selected, depending on the purpose. Z-scans were performed with either a piezo actuator (P-721; PI) or a focus drive motor (99A404; Ludl Electronic Products, Hawthorne, NY).
Non-biological sample preparation
Sulforhodamine B (SRB; Thermo Fisher Scientific, Rockford, IL) powder was dissolved in purified H2O (final concentration, approximately 0.2 mM), and used to fill a glass-bottom dish so as to check the FOV of our TPLSM-SD system. Tiny fluorescent beads were mixed with 1% agarose gel (agarose L, Nippon Gene, Toyama, Japan). Yellow-green beads with diameters of 170 nm (170 nm yellow-green beads; Thermo Fisher Scientific) were used to evaluate the spatial resolution of our TPLSM-SD system.
Preparation of fixed brain slice specimens
An adult transgenic mouse (21-weeks of age) with enhanced yellow fluorescent protein (EYFP) (Thy1-YFP-H mouse; The Jackson Laboratory, Bar Harbor, ME) expression 18 was anaesthetised with pentobarbital sodium. The mouse was transcardially perfused with phosphate buffered saline (PBS; pH 7.4), followed by 4% formaldehyde. The brain was removed, incubated in PBS, and cortically cut with a vibratome (Vibrating Microtome 70000 smz; Campden Instruments Ltd., Loughborough, UK) into 900-μm-thick slices. The brain slices were treated with 60% 2,2′-thiodiethanol (TDE) in PBS (v/v) to clear the brain tissue. 19 All mice were housed on a 12:12 lightdark cycle (lights on from 8:00 to 20:00) with controlled temperature and humidity, and had ad libitum access to food and water.
All animal experiments were performed in accordance with the National University Corporation Hokkaido University Regulations on Animal Experimentation and the Guidelines for Proper Conduct of Animal Experiments (Science Council of Japan). This protocol was approved by the Institutional Animal Care and Use Committee of National University Corporation Hokkaido University (Permit Number: 10-0119).
Preparing plasmid DNA for expressing Lifeact-mCitrine expression
A plasmid harboring Lifeact 20 fused with mCitrine (EYFP with Q69M and A206K point mutations) 21, 22 was constructed in our laboratory, as briefly described below. A DNA fragment encoding for mCitrine was generated by a polymerase chain reaction. The pECFP-N1 plasmid (Clontech, Palo Alto, CA) was altered by substituting the ECFP coding region with that of mCitrine. Subsequently, the Lifeact coding region was inserted into this plasmid. The Lifeact-mCitrine coding region was sequenced and verified. Detailed methods and plasmid maps are available upon request.
HeLa cell culture and transfection
HeLa cells were cultured in Dulbecco's modified Eagle's medium (Wako Pure Chemical, Osaka, Japan), supplemented with 10% foetal bovine serum (FBS) and penicillin/streptomycin (Invitrogen, Carlsbad, CA) at 37 C with 5% CO2. HeLa cells were seeded on a glass-bottom dish for observations,. Transfection with the Lifeact-mCitrine expressing plasmid was performed using FuGENE 6 (Promega, Madison, WI) according to the manufacturer's instructions. After incubation for one day, the culture medium was completely changed to Dulbecco's modified Eagle's medium without phenol red (Wako Pure Chemical), containing 10% FBS and antibiotics.
Living tobacco BY-2 cell sample preparation
The plasmid harboring EYFP-β-tubulin 23 for the stable transformation of tobacco BY-2 cells was a gift from Dr. Yasuhara (Kansai University, Osaka, Japan). Agrobacteriummediated transformation of tobacco BY-2 cells was performed as previously described. 24 Transformed cells were subcultured every week in a modified LS medium. 25 The cells were attached to a glass-bottom dish, as previously described.
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Results and Discussion
FOV and point spread function (PSF) evaluations
We first checked the FOV of our TPLSM-SD system by acquiring images of an SRB solution that was used to fill in a glass-bottom dish (Fig. 2a) . We used an sCMOS camera, which had the largest effective detection area among the cameras that we used. The dashed circle shown in Fig. 2a is the previously reported FOV size. 17 By estimating the full width at half maximum (FWHM) values from the fluorescent intensity profiles of the major and minor axes, the FOV of our system utilizing a Yb-based laser was approximately 10-times greater in area than that of the previous study. The square with the dotted line in Fig. 2a indicates the effective region of the iXon Ultra 897 EM-CCD camera. The effective region of the other EM-CCD camera (EM-C2) was 3.5% smaller than that of the iXon Ultra 897. As judged by the SRB solution images, the beam width of the Yb-based laser beam was appropriate for use with the area provided by the EM-CCD cameras, which corresponds to the square indicated in Fig. 2a . However, as shown in Figs. 2b and 2c , the fluorescence intensity ratios of the center to the edge of the FOV differed by two to three times because of the distribution of the irradiation excitation beam intensity. A flat-top beam made by a laser with increased power, coupled with a higher sensitivity camera, will be helpful for future improvements.
Additionally, we estimated the spatial resolution of our system from images of fluorescent beads smaller than the diffraction limit (Fig. 2d) . The average ± standard deviation of the FWHM values along the x-, y-and z-axes using an objective lens with an NA of 1.30 were 338 ± 7, 314 ± 2 and 616 ± 21 nm, respectively (n = 5). Since the intensity distribution in the focal plane is generally slightly elongated along the polarized direction, the longer FWHM values for the x-axis than those for the y-axis reflect the polarization properties of the excitation light. To compare these values with the ideal two-photon excitation light focal pattern, we numerically calculated the square values of the intensity distributions around the ideal focal pattern of 1042-nm light polarized linearly along the x-axis using an objective lens with an NA of 1.30. The FWHM values of the x, y, and z-axes were 404, 307 and 823 nm, respectively. These values were larger than our measured values, particularly along the longitudinal axis. This improvement may have resulted from 
XYZ imaging of neurons in fixed mouse brain slices prepared with a clearing technique
To demonstrate cross-sectional deep imaging using our TPLSM-SD system, we acquired xyz images of cleared brain slice samples from transgenic mice in which EYFP was expressed in their neurons. The clearing treatment consisted of immersing the specimens in a 60% TDE solution. 19 Thus, we used silicone fluid immersion lenses, as follows, to reduce the refractive index mismatch between the specimens (1.45) and the silicone fluid immersion medium (1.40) used for the objective lens. We first used a 30× objective lens (UPLSAPO30XS) because of its long working distance. As shown in Fig. 3a , this system provided xyz imaging of individual neurons in a fixed mouse brain slice within a sufficiently deep and wide region. Each granule cell in the hippocampal dentate gyrus was separately visualized at a 500-μm depth. Even after extending the acquisition time, individual neurons were not observed at depths > 650 μm, indicating that excitable fluorophores may not have been located there.
Next, we used a 60× objective lens (UPLSAPO60XS) owing to its high numerical aperture (NA 1.30). As shown in Fig. 3b , we acquired an xyz image of cortical neurons in a fixed mice brain slice within the working distance of this objective lens. The maximum intensity projection image of a nearby surface (15-μm thickness) was processed (Fig. 3c) , and numerous minute structures were visualized in the entire FOV. As shown in Fig. 3d , further zoom-up revealed the fine structure of dendritic spines of pyramidal neurons.
XYZ-T imaging of living mammalian cells
To confirm that our TPLSM-SD system could capture the movement in living biological samples, the three-dimensional F-actin structure in living HeLa cells was visualized using Lifeact 20 fused with mCitrine. We acquired an optically sectioned image of this specimen with a sufficient fluorescent signal in 120 ms. Our system visualized an entire living cell for 3.7 s per xyz image when combined with a high-speed piezo-z driver (Fig. 4a) . Time-lapse images of F-actin dynamics are shown in Figs. 4b -4g and Movie S1 (Supporting Information). As indicated by the arrowheads in Figs. 4b -4g , threedimensional filopodia movement at the edge and the surface of a cell was traced in detail.
XYZ-T imaging of living plant cells
Furthermore, we used our TPLSM-SD system to visualize intracellular movement in plant cells, which are larger than HeLa cells. We observed tubulin dynamics in tobacco BY-2 cells during mitosis and cytokinesis, and visualized the microtubule redistributions using xyz-t imaging. Thirty-three optically sectioned fluorescent images of BY-2 cells that stably expressed EYFP-β-tubulin were acquired at 15-s intervals during mitosis over a 20 -30 min period. As shown in Figs. 5a -5c, our TPLSM-SD system visualized the redistribution of microtubules into the nuclear area when the nuclear membrane was collapsed.
We acquired two-color TPLSM-SD images on the basis of the property that a single wavelength of two-photon excitation laser excites fluorochromes over a wide range of excitation wavelengths.
2,7,28 BY-2 cells expressing EYFP-β-tubulin were stained with FM4-64 dye, and three-dimensional and two-color images were captured with 1042-nm two-photon excitation. A cell plate stained with FM4-64 and surrounding microtubules detected with EYFP-β-tubulin were visualized in separate channels (Figs. 5d -5f and Movie S2 (Supporting Information)).
TPLSM-SD excitation laser light
In this study, we constructed a new TPLSM-SD system with a high-peak-power Yb-based laser light source. This system enlarged the FOV by approximately 10-times more than that of previous systems using a conventional Ti:Sa laser light source. We confirmed that this system enabled the visualization of clear biological structures. A sufficient penetration depth and high spatiotemporal resolution were achieved by utilizing the larger FOV of this TPLSM-SD, making it suitable for visualizing a number of biological phenomena.
The high-peak-power laser used in this study cannot be used for high-speed scanning for single-point TPLSM. High-speed imaging with single-point TPLSM requires a high repetition rate laser light source due to the short pixel dwell time. For example, the pixel dwell time is approximately 0.125 μs during video-rate imaging with the single-point TPLSM with 512 × 512 pixels. Because our Yb-based laser irradiates once every 0.1 μs, only one or two laser pulses are used for each pixel when our laser is applied to the single-point TPLSM using a resonant scanner, 9 thus, uneven images could be acquired in this case. In contrast, the spinning-disk unit scanned a specimen with approximately 200 excitation beams, and the entire FOV was scanned once per half rotation of the spinning-disks (5 ms at 6000 rpm; the scanning properties of CSU-MPφ100 were different from the other CSU series due to modification of disks). Namely, approximately 10 million pulses were used for two-photon excitation within one scan run. Therefore, our measurement conditions might be sufficient to acquire a video-rate image.
Yb-based laser light at 1042-nm cannot excite green fluorescent protein (GFP) or fluorescent proteins with shorter excitation wavelengths, although these proteins are frequently used as cell markers and functional probes. 2 Thus, we developed a conventional Ti:Sa laser-based system, and attempted to increase the two-photon excitation probabilities of these proteins by introducing a negative chirper. Pulse compression increased the fluorescent signals by two to four times when using the Ti:Sa laser, depending on its oscillating wavelength (Fig. S1 , Supporting Information). However, this TPLSM did not use the whole effective area of the detector due to an insufficient fluorescent signal. Developing a new laser with high-peakpower and a shorter wavelength is necessary when using GFP and other fluorescent proteins with shorter wavelength.
Choice of cameras
A multi-point laser scanning microscopy system uses cameras as detectors to simultaneously capture fluorescent signals from many focal points. Therefore, the image quality and temporal resolution largely depend on the sensitivities of the cameras used. We used an sCMOS camera and an EM-CCD camera with smaller pixel sizes for higher spatial resolution (Figs. 2d  and 3 ). On the other hand, the latest EM-CCD camera, iXon Ultra 897, was used for shorter-time acquisition (Figs. 4 and  5d -5f ). Easy camera replacement is an advantage of this system because future technical developments of EM-CCD and sCMOS cameras will significantly improve the performance of this microscopy system.
In conclusion, we have shown that installing a Yb-based laser into a TPLSM-SD system significantly improved the FOV. Further improvements, including homogeneous image fields and applications to GFP, are expected along with developments in laser and camera technology.
